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Introduction

Summary

Interleukin-17 (IL-17) has emerged as a central player in the mammalian
immune system. Although this cytokine exerts a host-defensive role in
many infectious diseases, it promotes inflammatory pathology in auto-
immunity and other settings. A myriad of studies have focused on how
IL-17-producing cells are generated. However, the means by which IL-17
achieves its effects, either for the benefit or the detriment of the host, are
due in large part to the induction of new gene expression. Whereas many
IL-17 target genes are common to different disease states, in some cases
the effects of IL-17 differ depending on the target cell, infectious site or
pathogen. Gene products induced by IL-17 include cytokines (IL-6, granu-
locyte-colony-stimulating factor, tumour necrosis factor-a), chemokines
(CXCL1, CXCL2, CCL20, among many others), inflammatory effectors
(acute-phase protesins, complement) and antimicrobial proteins (defen-
sins, mucins). Different cell types appear to respond differently to IL-17
in terms of target gene expression, with notable differences seen in mesen-
chymal and epithelial cells compared with cells of haematopoietic origin.
Here, we summarize the major IL-17 target genes that mediate this cyto-
kine’s activities in both autoimmune and chronic diseases as well as dur-
ing various types of infections.

Keywords: cytokine; gene target; interleukin-17; inflammation; signal
transduction

kin-17A (hereafter referred to as IL-17) is the most inten-
sively studied, but interest in the rest of the family is

The interleukin-17 (IL-17) family is the most recently
described subclass of cytokines." Since 2000, we have
started to gain an understanding of IL-17 family members
and their corresponding receptors, which has led to new
insights into how immunity to infections and autoimmu-
nity are governed. To date, there are six IL-17-family
ligands [IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (IL-25)
and IL-17F], and five receptors (IL-17RA, IL-17RB/
IL-25R, IL-17RC, IL-17RD/SEF and IL-17RE).” Interleu-

growing.

Originally IL-17 was thought to be produced exclu-
sively by T cells,” but it is now known to be secreted by a
variety of innate cells including macrophages, dendritic
cells (DC), natural killer, natural killer T, lymphoid tissue
inducer and y5-T cells.* A major development in this field
occurred with the recognition that IL-17-producing CD4"
T cells arise as a population distinct from the classic
T helper type 1 (Thl) and Th2 cells.”” Whereas it was

Abbreviations: APC, antigen-presenting cell; BAFF, B-cell activating factor; BD, ff-defensin; C/EBP, CCAAT/enhancer binding
protein; DC, dendritic cell; DSS, dextran sulphate sodium; EAE, experimental autoimmune encephalomyelitis; GC, germinal
centre; G-CSF, granulocyte colony-stimulating factor; GWAS, genome-wide association studies; IBD, inflammatory bowel disease;
IFN, interferon; IL, interleukin; Len2, lipocalin 2/24p3; MMP, matrix metalloproteinase; NF-xB, nuclear factor-xB; NOD,
nucleotide oligomerization domain; RA, rheumatoid arthritis; RANKL, receptor activator of nuclear factor-«B ligand; SEFIR,
SEF/IL17R; SLE, systemic lupus erythematosus; STATS5, signal transducer and activator of transcription 5 ; TGF, transforming
growth factor; Th, T helper; TLR, Toll-like receptor; TMEV, Theiler’s murine encephalomyelitis virus; TNBS, trinitrobenzene

sulphonic acid; TNF, tumour necrosis factor; VV, vaccinia virus.
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known for decades that IL-12 induces Thl cells [inter-
feron-y (IFN-y) producers] and IL-4 induces Th2 cells
(IL-4, IL-5 and IL-13 producers), it was only recently
demonstrated that Th17 cells differentiate upon exposure
to combinations of IL-1, IL-6 and transforming growth
factor-fi (TGF-p). Interleukin-23, although not critical for
the induction of the Th17 lineage, is required in vivo for
the stabilization and proliferation of Th17 cells.*® In
addition to IL-17, Th17 cells and most ‘Th17-like’ innate
cells produce IL-17F, tumour necrosis factor-o. (TNF-o),
IL-22 and IL-21; accordingly, in this review we will dis-
cuss the involvement of these related Th17 cytokines as
they pertain to co-operative target gene regulation. We
refer the reader to numerous reviews outlining mecha-
nisms underlying Th17 differentiation.®'?

Interleukin-17 and other Th17 cytokines are linked to
the pathogenesis of diverse autoimmune and inflamma-
tory diseases (Table 1, Fig. 1). Conversely, IL-17 is essen-
tial for host defence against many microbes, particularly
extracellular bacteria and fungi.'> The IL-17 receptor is
expressed ubiquitously, and hence most cells can poten-
tially respond to this cytokine.'* The target cell types best
analysed are of non-immune origin, particularly epithelial
and mesenchymal cells within diseased or inflamed
tissues.'” Studies have revealed IL-17-dependent activities
in immune cells, particularly B lymphocytes and
antigen-presenting cells (APC). Here, we aim to describe
how IL-17 exerts its beneficial and its harmful properties
via specific target gene regulation in the context of disease
(Fig. 1).

IL-17-mediated pathogenesis in autoimmune
disease

Interleukin-17 mediates adverse effects in many autoim-
mune diseases. Before the discovery of the Th17 subset as
a distinct CD4" effector population, it was considered
that Thl, Th2 and B cells were the main mediators of
pathology in autoimmunity. For example rheumatoid
arthritis (RA) was widely accepted to be Thl-mediated,
supported by the presence of IFN-y and TNF-o (then
thought to be a Thl cytokine) in synovial lesions and
peripheral blood.'® Similarly, inflammatory bowel disease
(IBD) was described as a ‘mixed’” Th1l and Th2 pathology,
with both IL-4 and IFN-y implicated.'” However, during
the late 1990s, studies pointed to IL-17 as a possible effec-
tor in RA and other diseases, despite the prevailing confu-
sion as to whether IL-17 was a Thl or “Th0> cytokine.'®"?
The discovery of the Th17 cell as a bona fide T-cell subset
led to a re-kindling of interest in this cytokine in the con-
text of autoimmunity. Indeed, pre-clinical studies sup-
porting a role for IL-17 in disease (outlined herein) led to
current clinical trials designed to block IL-17, the IL-17
receptor (IL-17R) or its inducers (i.e. IL-23, IL-6) in
autoimmunity.**>
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Figure 1. IL-17 signaling and target genes in various disease set-
tings. In blue are representative mucosal infections where IL-17 plays
a key role, along with key target genes involved in each. In pink are
autoimmune diseases and the role of IL-17 and particular target
genes therein.

Rheumatoid arthritis

Many, if not most, autoimmune diseases are now con-
nected in some manner to IL-17 or the Th17 pathway. In
particular, RA has been intensively studied, starting even
before the recognition of the Th1l7 subset. The key fea-
tures of inflamed arthritic joints are proliferating synovial
fibroblasts, joint and cartilage erosion, infiltrating CD4"
T cells and autoantibody-producing plasma cells. In addi-
tion, increased numbers of innate immune cells (DC,
granulocytes and macrophages), in some cases ectopic
germinal centres (GC) are found within joints. Early stud-
ies showed that high levels of IL-17 were found in the
rheumatoid synovium of patients with RA but not of
controls or of patients with osteoarthritis. Consistently,
adding IL-17 to an in vitro culture system stimulated
bone resorption and collagen destruction.”® Furthermore,
neutralizing IL-17 or its receptor in collagen-induced
arthritis mouse models resolved RA symptoms, IL-17A-
deficient mice are protected from collagen-induced

© 2010 Blackwell Publishing Ltd, Immunology, 129, 311-321



IL-17 gene targets

Table 1. Target cells and genes of IL-17. IL-17 acts on a variety of cells due to its ubiquitous receptor. Shown are representative target cell types,

the role of IL-17 (adverse or beneficial) and key target genes

Adverse condition | Beneficial condition

IL-17 Target Cells

Target genes and note

Synoviocyte, Arthritis
chondrocytes

/

Keratinocyte

o
=,

Lung/Gut Epitheli

Psoriasis Skin Infections

K. pneumonia infection in lung.

MMP-1,2,3,9 and 13, PGE2,COX-2
IL-6, IL-8, TNFo, CXCL1, CXCL2 ,CCL20

S100A8, S100A9 production.

IL-19, 20 and 24 production increase proliferation.
LL37 may interact with self DNA and activates DC.
IL-23 mediated IL-22 induction induce skin thickness.

G-SCF, CXCL1,CXCL2 to recruit neutrophil

cells Protection against C. rodentium . Anti-microbial peptides, 24p3,ReglIIIY,B, SI00AS8 and
S100A9 production.
Neutrophil Gastrointestinal fungal Reduced fungicidal function, (anti-apoptosis?).
infection. Recruitment of neutrophil cause lung injury.
Influenza infection.
T cell CD45RBMNCD25-CD4* Suppressing Th1 differentiation in ThO to differentiate
T-cell mediated colitis. Th17.
Neuron degeneration Brain-Blood Barrie disruption and neuronal cells
in EAE. degeneration by granzyme B.
B cell SLE High Ig titer production. Anti-apoptosis through bfl-1.
@ Rgs13 and Rgs16 to stall GC formation.
DC Persistence of TMEV. Vaccine against M. uberculosis Inducing Bel2 an BelX2 to prevent apoptosis.
Modulating cytokine production to skew Th17.
% INFy recall response.
Macrophage Protection against F. tularensis

Clear C. rodentium infection(?)

{

Inducing IL-12 and IFNy production to skew Th1

response.
IL-1B,IL-9,GM-SCF, CCL3,CXCL3

arthritis, and adding IL-17 ectopically by gene therapy
exacerbated disease.”*° Consequently, IL-17 appears to
promote both inflammation and bone destruction in RA.
These findings pose the question of how IL-17 mediates
its pathogenic activities. Interleukin-17 induces pro-inflam-
matory cytokines such as TNF-o, IL-1f and IL-6 from car-
tilage, synoviocytes, macrophages and bone cells.”’
Collectively, these pro-inflammatory cytokines contribute
to RA flare-ups and also establish a chronic inflammatory
state by a self-reinforcing positive feedback loop wherein
IL-17-induced IL-6 maintains the Th17 T-cell popula-
tion.”® The IL-17 also stimulates the production of multiple
chemokines, including IL-8/CXCL8, CXCL1 (KC/Grou),
CXCL2 (MIP2a/Grofs), CCL20 (MIP-3x), CCL2 (MCP1)
and CCL7 (MCP3).>>?”? These serve to recruit neutroph-
ils, macrophages and lymphocytes to the synovium, thereby
enhancing inflammation. Secondary lymphoid GC forma-
tions are found ectopically in RA synovial tissue.’®’!
Although it has been reported that synovial lymphoid neo-
genesis is not a major determinant of RA-specific autoanti-
body responses, this phenomenon is indicative of ongoing

inflammation.*?

© 2010 Blackwell Publishing Ltd, Immunology, 129, 311-321

Irreversible deformities in joints are a key feature of
advanced RA, caused by extensive cartilage and bone ero-
sion (Table 1). Interleukin-17 contributes to this process
by inducing expression of matrix metalloproteinases
(MMP) 1, 2, 3, 9 and 13, which drive degradation of extra-
cellular matrix within the joint.”*>° It also induces prosta-
glandin E, via cyclooxgenase-2, which enhances
inflammation by many mechanisms including vasodilata-
tion.** Furthermore, IL-17 induces expression of receptor
activator of nuclear factor-xB ligand (RANKL) in osteo-
blasts;>> RANKL is a membrane-bound receptor of the
TNF superfamily that promotes differentiation of osteo-
clasts. Strikingly, Th17 cells also express elevated levels of
RANKIL, suggesting that they may be particularly adept at
promoting bone turnover.*' Accordingly, IL-17 not only
enhances inflammation, but stimulates osteoclast differen-
tiation leading to subsequent bone and cartilage damage.*?

Although IL-17 alone has the capacity to induce pro-
inflammatory factors, its activities are vastly increased
when combined with other cytokines, particularly TNF-o«
(Table 2). This is probably the situation in inflamed
joints, where multiple inflammatory cytokines are over-
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Table 2. Synergistic target genes. IL-17 cooperates with many
inflammatory stimuli to activate target gene expression. Listed are
representative gene targets identified to be induced cooperatively by
IL-17 in combination with the indicated stimuli

Cytokines/stimuli that

synergize with IL-17 Representative target genes

Tumour necrosis factor-o Cytokines (IL-6, G-CSF, OSM),
chemokines (CXCLI, CXCL2,
CXCL5, CCL2, CCL7),
transcription factors (C/EBPf, 9,
IkB{), bone remodelling
(RANKL, MMP13), antimicrobial
peptides (Lcn2, BDs)

Interleukin-1p IL-6, CXCLS, LIF

CD40 1L-6, IL-8, RANTES

Oncostatin M MMP13

Interleukin-22 Cytokines (IL-19, -20, -24, G-CSF),

chemokines (CXCL1), antimicrobial
peptides (BDs, S100A7, 8, 9)
Vitamin D3 (1,25D3) LL-37 (cathelicidin)
B-cell-activating factor Twistl

Interferon-y IL-6, IL-8

expressed.*’ Interleukin-17 synergizes with TNF-o to pro-
mote induction of nearly all its target genes, and in many
cases synergy has also been observed with IFN-y and
IL-1f (reviewed in ref. *7). As a consequence, IL-17 alone
or together with other inflammatory cytokines in the
inflamed joint mediates adverse events in RA.

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a multi-organ sys-
temic autoimmune disease characterized by autoantibody
production. Although traditionally considered mainly a
B-cell disease, recent reports indicate that there is likely
to be a role for IL-17 in lupus (reviewed in ref.**). Inter-
leukin-17 is elevated in the serum of many SLE
patients.*>*® The BXD2 mouse strain develops SLE-like
features and spontaneous erosive arthritis with age.*’
These mice produce pathogenic autoantibodies because of
increased somatic hypermutation and enhanced class-
switch recombination, mediated by over-expressed activa-
tion-induced cytidine deaminase in GC.*’ In studies to
elucidate the underlying mechanism of this phenotype,
Hsu et al.** unexpectedly discovered IL-17-dependent sig-
nalling in BXD2 B cells that led to enhanced autoanti-
body production and increased numbers of GCs. CD4
T cells from BXD2 mice were also more prone to differ-
entiate into Th17 cells. The IL-17 functions in this setting
by inducing genes encoding Regulator of G-protein
signalling 13 and 16 (Rgsl3 and Rgsl6), which inhibit
G-coupled protein receptors such as CXCR4. Hence,
IL-17 disrupts trafficking of B cells within lymph nodes,
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which appears to promote spontaneous generation of
autoreactive GC and hence elevated autoantibody produc-
tion.*

Another animal model with lupus-like features is the
Fts-17'~ mouse, characterized by increased high-titre
autoantibodies that deposit in kidney."® In these mice,
more naive T cells differentiate into a Th17 phenotype.*’
Ets-1 is transcription factor expressed in various immune
cells and it skews towards a Th17 phenotype by interfer-
ing with the ability of IL-2 to inhibit Th17 differentiation.
The Ets1”~ mice have low IL-2 production, but T cells
from these mice also appear to be refractory to the inhib-
itory effects of IL-2 on Thl7 development. Interestingly
RORyt expression and IL-2-induced signal transducer and
activator of transcription 5 (STAT5) were comparable
with wild-type and Ets-17~ T cells, and so the specific
pathway by which Ets-1 exerts its effects is down-stream
or independent of STATS5.

Interestingly, IL-17 has also been recently shown to
synergize with another TNF superfamily member, B-cell
activating factor (BAFF), to protect B cells from apopto-
sis, thereby increasing the number of autoantibody-
producing cells.*® Increased BAFF expression is found in
~ 22-25% of SLE serum samples, and BAFF transgenic
mice have a lupus-like phenotype.”® Both IL-17R and
BAFFR use a common adaptor molecule Actl; however,
Actl is a positive regulator of IL-17R signalling, whereas
it is a negative regulator of BAFFR down-stream path-
ways.”" Following IL-17 and BAFF stimulation of B cells,
Actl is preferentially recruited to IL-17RA, providing an
intriguing mechanism for synergistic signalling between
these two systems. Subsequently, IL-17 and BAFF together
enhance expression of the transcription factor Twistl,
which initiates a cascade of gene expression leading to
induced expression of the anti-apoptotic genes Twist-2
and Bfl-1, ultimately promoting B-cell differentiation to
autoantibody-producing plasma cells"® (Tables 1 and 2).
Hence, the impact of IL-17 on B cells may explain its role
in contributing to SLE pathogenesis.

Inflammatory bowel disease

Inflammatory bowel disease, encompassing both Crohn’s
disease and ulcerative colitis, is a chronic relapsing
inflammatory disorder in the gastrointestinal tract, caused
in part by an unregulated immune response to intestinal
bacteria. The gut immune system is composed of hetero-
geneous cell populations, which differ along the gastro-
intestinal tract (reviewed in ref.’?). A notable feature of
the gut mucosa is specialized epithelial cells called micro-
fold (M) cells, which sample the gut lumen and transport
bacteria and transport antigens to APC on the basolateral
surface. In healthy individuals, intestinal DC typically
induce T-cell unresponsiveness, which is needed to
maintain tolerance to commensal organisms and food

© 2010 Blackwell Publishing Ltd, Immunology, 129, 311-321



antigens.”® Recognition of gut microbes is mediated by
Toll-like receptors (TLR) and also intracellular pattern
recognition receptors of the nucleotide oligomerization
domain (NOD) family. Strikingly, genome-wide associa-
tion studies (GWAS) identified NOD2 (CARD15) as an
IBD-associated gene,”>* leading to the current paradigm
that IBD results from unregulated immune responses
against commensal bacteria. In addition to NOD2, addi-
tional genes identified in GWAS studies have implicated
the Th17 pathway, most notably the IL-23R,”> which is
expressed primarily on IL-17-producing cells. Other
Thl7-associated genes implicated in GWAS studies of
IBD include JAK2, IL12B, STAT3, CCR6 and TYK2,*"®
all of which point to a major role for this pathway in
IBD pathogenesis.

Animal models support a role for the IL-23/IL-17 axis
in IBD. For example, the IL-107"~ mouse develops spon-
taneous colitis, which is prevented when the mice are
crossed to IL-23p19™'~ animals (lacking Th17 cells) but
not when crossed to IL-12p35~~ animals (lacking Thl
cells).” Similarly, in chemically induced IBD such as
trinitrobenzene sulphonic acid (TNBS) -induced IBD,
disease severity is higher in mice deficient in IL-12
p40~~ (lacking both IL-23 and IL-12) compared with
IL-12p35~"" (lacking just 1L-12).°* In the TNBS model,
IL-17 target genes such as IL-6 and CXCL2 were reduced
in the colon, and IL-17RA™~ mice were protected from
severe disease.’’ In contrast, results differ in another
chemically induced model, dextran sulphate sodium
(DSS) -induced colitis. The DSS disrupts the epithelial
cell barrier, causing mucosal microflora to activate muco-
sal macrophages. In this setting, neutralizing IL-17 wors-
ened symptoms, which was associated with increased
expression of TNF-o, IEN-y, IL-6 and CCL5/RANTES.**
A recent study compared cytokine profiles in acute (day
7) and chronic (day 35-75) TNBS- or DSS-induced IBD.
Data suggested that various cytokines and effector cells
are working in different time-points.> For example, IL-6,
TNF-o, IL-17 and CXCL1 were elevated in the acute DSS
model (7 days), which later shifted to a more Th2/Th17-
like profile (IL-4, IL-10 as well as IL-17). In the acute
TNBS model, IFN-y, IL-12, IL-17 and CCL2 were ele-
vated, reminiscent of a mixed Th1/Th17 profile. Although
detailed cellular mechanisms are still not well defined, the
timing of disease and initiation of disease may dictate
which Th cell type is most instrumental in establishing
disease.

RAG1™"~ mice adoptively transferred with CD45RB"
CD25~ CD4" T cells develop aggressive colitis and wasting
disease, which is strongly IL-23-dependent but also IFN-y-
dependent. Interestingly, however, IL-17 is protective in
this setting, because IL-177'~ CD45RB™ T cells induce
a more aggressive disease. Surprisingly, IL-17RA™"
CD45RB™ T cells were also more aggressive, indicating that
these cells respond to IL-17.°* Naive ThO cells do not

© 2010 Blackwell Publishing Ltd, Immunology, 129, 311-321
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express IL-17RA, but start to do so upon differentiation to
Thl. Interleukin-17 suppresses IFN-y secretion by repress-
ing T-bet, the master regulator of Thl cells, which in turn
leads to suppression of IFN-y, IL-12Rf1 and osteopontin
expression (Table 1). Therefore, in this transfer model, IL-
17 protects against IBD by limiting Th1 cell activity.®

Psoriasis

Psoriasis is a chronic inflammatory skin disorder charac-
terized by dermal hyperplasia. The key histological
features of psoriatic skin are epidermal keratinocyte
hyperproliferation, vascular proliferation and infiltration
of DCs, macrophages, neutrophils and T cells.® The criti-
cal roles of IL-23/IL-17 were highlighted in a GWAS study
that linked IL-23R polymorphisms to psoriasis, similar to
IBD.®” Based on this finding, a model of psoriasis was
developed using intradermal injection of IL-23. In this
model, anti-IL-17 treatment decreased granulocyte colony-
stimulating factor (G-CSF) and MMP-13, although it had
no effect on erythema, induration and parakeratosis.®®
Several IL-10-family cytokines have been found in psoriat-
ic skin, including IL-19, IL-20, IL-22 and IL-24. However,
IL-197"" and IL-247" mice still developed skin thickening
following IL-23 injection, although mice lacking the com-
mon receptor IL-20R2 were resistant.®® In contrast, Zheng
et al.®® observed no elevation of 1L-19, IL-20 or IL-24 in
the IL-23 injection model, whereas IL-227'~ mice exhib-
ited significant reduction in skin thickness. A role for IL-
22 is consistent with findings in human microarray stud-
ies, which identify IL-22 as well as many typical Th17
genes.”””7% As a consequence, IL-22 from Th17 cells and
an IL-20R2-using cytokine have roles in developing psori-
asis-like symptoms caused by ectopic IL-23.

A mechanism of IL-17 activity in psoriasis likely stems
from its co-operative gene regulation IL-22 and other
stimuli. Together with IL-17, IL-22 synergistically
increases expression of skin antimicrobial peptides,
including f-defensin-2 (BD-2), S100A7 (psoriasin) and
S100A8/9 (calprotectin).”” Supporting this, SI00A7-9 are
elevated in psoriasis, correlating with disease onset.”*
Interestingly, psoriasis patients are more resistant to skin
infections than people without psoriasis, perhaps as the
result of elevated antimicrobial peptide production.
Another antimicrobial peptide, cathelicidin (LL37), is
synergistically increased by treatment with IL-17 in com-
bination with 1,25-dihydroxyvitamin D3.”> LL37-bound
self-DNA fragments trigger TLR9 in DC, which induces a
potent adaptive immune response, possibly one of the
mechanisms by which self-tolerance is broken.”®

Experimental autoimmune encephalomyelitis
Experimental autoimmune encephalomyelitis (EAE) is a

model of multiple sclerosis, a T-cell-mediated autoim-
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mune disease of the central nervous system. It is elicited
by immunization of neuroantigens, such as myelin basic
protein and proteolipid protein. As with many other
autoimmune conditions, Thl cells were long thought to
be responsible for EAE pathology, despite the fact that
IFN™7, IFNyR™™ and IL-12p35~'~ mice were suscepti-
ble.”””° Landmark studies comparing the IL-12p35~/~
and IL-23p19™'~ mice showed clearly that the Th17 path-
way was responsible for pathology.®” Further evidence for
the role of Thl7 cells in driving EAE was shown in
STAT6™'"/T-bet”’~ doubly deficient mice, lacking Thl
and Th2 cells.®" Furthermore, EAE in these mice could be
ameliorated by treatment with anti-IL-17 antibodies. An
elegant study noted that regulation of IL-17 pathogenic
activity can be controlled by IL-10. Specifically, Th17 cells
derived ex vivo following treatment with TGF-f and IL-6
do not cause EAE upon adoptive transfer, whereas Th17
cells derived ex vivo with TGF-f, IL-6 and IL-23 develop
EAE.® Interleukin-23 suppresses IL-10, correlating with
elevated expression of IL-17 target genes such as CXCL10
(IP10), CCL2, CXCL2 and CCL20.** Both IL-17 and
IL-22 also disrupt the tight junctions that form the
blood-brain barrier, enabling Th17 cells to migrate into
the central nervous system and cause neuronal damage.*’

In summary, increasing numbers of autoimmune con-
ditions implicate the Th17 pathway. Although the specific
genes and mechanisms exhibit some variation depending
on the location, chronicity and type of disease, there are
many common threads in terms of IL-17-mediated gene
expression. These findings have made blocking the IL-17
pathway an attractive target for anti-cytokine therapy.”
On the flip side, the same pathways that promote disease
in autoimmunity are beneficial in many infection settings,
which will be considered in the following sections.

Infection

In contrast to its adverse effects in autoimmunity, IL-17
plays a vital role in protecting the host from infection."’
This is particularly evident at mucosal sites such as lung,
gut and the oral cavity. Interleukin-17-producing cells are
enriched at mucosal surfaces, and Th17 cells express the
CCR6 receptor that targets them to mucosal areas.®®™
Pro-inflammatory cytokines such as, IL-6, IL-1f and
TNF-0, which mediate defensive responses are induced
by IL-17. In particular, IL-6, acts in a positive feedback
loop to further amplify Th17 differentiation and activate
acute-phase responses and complement.”® Interleukin-17
modulates neutrophils via cytokines that promote
polymorphonuclear cell expansion and survival (G-CSF,
granulocyte-macrophage CSF)* as well as neutrophil
chemoattractants (CXCL1, CXCL2 and CXCL5). Addi-
tionally, CXCL9, CXCL10 and CCL20 are target genes of
IL-17, which have chemotactic activity for lymphocytes,
DC and other immune cells, targeting them to mucosal
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surfaces; IL-17 induces CCL2 and CCL7, monocyte-
recruiting chemokines. Interestingly, IL-17 suppresses
CCL5/RANTES, although the significance of this with
respect to infection has not been determined.”®” Anti-
microbial peptides, which contribute to host defence by
direct killing of invading organisms, are strongly up-regu-
lated by IL-17. Notably, some of the chemokines regu-
lated by IL-17 also exhibit antimicrobial activity (e.g.
CCL20, which binds the CCR6 receptor found on DC
and Th17 cells).®® In the following sections, we will dis-
cuss IL-17-induced genes in representative infectious
models at various mucosal sites. Not surprisingly, most of
the genes identified in the context of infection are the
same as those identified from autoimmune studies or cell
lines, but some appear to be somewhat specific to a par-
ticular pathogen or infected tissue.

Extracellular bacterial infections

Klebsiella pneumoniae (lung mucosa)

The first report to describe the IL-17RA™~ mouse assessed
pulmonary infection by an extracellular pathogen, Klebsiella
pneumoniae.”® Klebsiella pneumoniae is a Gram-negative
bacterium that causes intra-abdominal and urinary tract
infections, as well as hospital and community-acquired
pneumonia. Infection with K. pneumoniae in IL-17RA™~
mice led to reduced survival and elevated bacterial burden.
Neutrophil levels in lung were severely impaired, which was
linked to reduction of CXC chemokines and G-CSF in
bronchoalveolar lavage fluid. The same group demonstrated
a requirement for IL-23 in defence against K. pneumoniae.”’
Mice that were IL-237'~ showed a significant reduction in
CCL3, CXCL2, CXCL1, CXCL5 and IL-6. When it was rec-
ognized that IL-22 is also a Th17-derived cytokine, IL-22
was found to be an even more critical player than IL-17 in
the setting of K. pneumoniae.”* Although blocking both IL-
17 and IL-22 significantly lowered G-CSF and CXCLI
expression in bronchoalveolar lavage fluid, the addition of
IL-22 alone did not serve to increase G-CSF and CXCLI
expression. Rather, IL-22 affected mainly production of IL-
6 and CCL3. In addition to stimulating chemokine expres-
sion, IL-17 and IL-22 induce lipocalin 2 (Lcn2, 24p3) in tra-
cheal epithelial cells. The Lcn2 blocks catecholate-type
siderophores of Gram-negative bacteria, preventing them
from scavenging free iron,”** and is potently regulated by
IL-17.”% Surprisingly, however, IL-17 and IL-22 are appar-
ently not necessary for Lcn2 induction in K. pneumoniae
infections, whereas TLR4 and Myd88 are essential.”®

Citrobacter rodentium (gut mucosa)
Interleukin-17-expressing cells are particularly abundant

in the gut, including classic af-T cells as well as more
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innate cells such as y0-T and natural killer T cells.
Citrobacter rodentium 1is a naturally occurring murine
enteric pathogen, and is an extracellular Gram-negative
organism considered a model for enteropathic attaching
and effacing Escherichia coli infections. In model studies
of C. rodentium infection, IL-17 did not play a signifi-
cant protective role compared with IL-22 at early stages
of disease.”” Infection with C. rodentium induces a
variety of antimicrobial peptides, such as S100AS,
S100A9, Reglllf and Regllly. RegllIf and Regllly are
C-type lectins originally thought to selectively kill
Gram-positive bacteria. Not surprisingly, adding back
ReglIly protected mice significantly. In contrast, direct
comparison of IL-17A™"" versus IL-17F~ mice sug-
gested that IL-17 and IL-17F do contribute to protec-
tion from C. rodentium in later stages.98 Here, CXCL1,
CXCL2, IFN-y, IL-1f, IL-6, TNF-o and inducible nitric
oxide synthase were regulated normally in the colons
of IL-17A7"7, IL-17F ' and IL-17A/F”"~ mice following
C. rodentium infection. Similarly, IL-17A™ and IL-
17F '~ mice showed increased expression of BD2, Lcn2,
S100A8, S100A9, RegIll and Regllly compared with
wild-type mice, yet these mice still had a higher bacte-
rial burden. However, BD1, BD3 and BD4 were
impaired in the knockout strains, implying that in this
setting they may be the major IL-17 gene targets.

Porphyromonas gingivalis (oral mucosa)

The oral cavity is another important but often overlooked
site of mucosal infection. Studies of a major human peri-
odontal pathogen revealed a strongly protective role for
IL-17 receptor signalling, at least in acute oral infections.
Porphyromonas gingivalis is a Gram-negative anaerobic
microbe that is one of the three major pathogens associ-
ated with periodontal disease, characterized by gingival
tissue destruction, chronic infection and bone loss in the
alveolar bone crest of the jaw. Despite the potential of
IL-17 to promote bone destruction as it does in the
context of RA, IL-17RA™" mice are more susceptible to
infection than wild-type mice. The major IL-17 gene tar-
gets shown to be impaired were CXCL1, CXCL2 and
CXCL5,”%1% which correlated with reduced neutrophil
recruitment to the gingival area. Consistently, CXCR2™/~
mice (the receptor for CXCL1, CXCL2 and CXCL5) are
exquisitely susceptible to P. gingivalis-induced periodontal
disease. Interestingly, these studies also revealed a gender
bias for IL-17R activity. Regardless of genetic background,
female IL-17RA™~ mice were more susceptible than males
to P. gingivalis-induced bone loss. Although the female
mice showed a more dramatic reduction in CXC chemo-
kine expression, the male mice were mainly impaired in
G-CSE. Consequently, although both genders had reduced
neutrophil activity, this appeared to be directed through
different mechanisms.”’
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Intracellular bacterial infections

It is commonly considered that IL-17 is primarily impor-
tant for protection against extracellular pathogens rather
than intracellular bacteria. Indeed, in many cases, but not
all, IL-17 is dispensable for host defence against intracel-
lular bacteria."> For example, Listeria monocytogenes
induces IL-17 in liver yd-T cells, which is associated with
enhanced neutrophil recruitment;'®" however, IL-17RA™~
mice have no defect in survival, arguing against a role for
IL-17 in this disease.'”" Mycobacterium tuberculosis infec-
tion studies also revealed critical roles of IFN-y rather
than IL-17 in primary infections, although IL-17 is
induced during infection.'”>'*” Nonetheless, the picture is
more complex than this because IL-17 is essential for an
effective vaccine-induced response to M. tuberculosis.'"*
Although the detailed mechanisms need to be defined
more carefully, IL-17 may contribute more to the devel-
opment of memory responses than to initial infections for
some intracellular organisms.'® In contrast, infection
with Francisella tularensis, another intracellular organism,
shows a requirement for IL-17."% Mechanistically, this is
regulated via IL-17-mediated induction of IFN-y and
IL-12 in macrophages, linking Th17 and Thl responses in
vivo. Similarly, responses to Chlamydia infection also
involve IL-17.'% Therefore, the concept that IL-17 activity
is exclusively linked to protection from extracellular
pathogens is overly simplistic.

Fungal infections

In the setting of fungal infections, IL-17 plays both
protective and destructive roles depending on route of
infection and perhaps the morphological form of the
organism. The primary organism where this has been
examined is Candida albicans, a common commensal that
colonizes human mucosal surfaces. Candida albicans
causes both systemic and mucosal infections, but the
immune responses at these sites are quite different.'®” The
most severe form of candidiasis is a disseminated disease
associated with hospital settings, which is modelled by
intravenous injection of C. albicans into mice. The
IL-17RA™" mice are highly susceptible to this form of
disease. Although detailed analysis of relevant target genes
was not performed, neutrophil recruitment was severely
defective.'” Consistent with this, two reports using
mouse models of oropharyngeal candidiasis (‘thrush’)
showed that IL-17 and IL-23 play a strongly protective
role against mucosal C. albicans.'>''® Microarray analysis
showed that immunocompetent wild-type mice infected
with C. albicans up-regulate numerous classic IL-17 target
genes in the oral mucosa, including BD3, S100A8/9,
MMP-8, G-CSF, CCL20, IL-6, CXCL1 and CXCL5.'”
BD3 and S100A8/9, in particular, were strongly impaired
in IL-17RA™" tongue tissue. In contrast, few IFN-y signa-
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ture genes were induced in this setting, arguing against a
role for Thl cells.'® Studies of the pattern recognition
receptors involved in early activation events indicate that
C-type lectin receptors such as Dectin 1, Dectin 2 and the
Mannose receptor as well as the NLRP3 inflammasome
induce IL-23 from macrophages and DC, hence promot-
ing Th17 cell differentiation (reviewed in ref.!11). These
findings are supported by studies in humans with muta-
tions in STAT3 (who are selectively Th17-deficient), who
are exquisitely susceptible to mucosal candidiasis and
staphylococcal infections.''

In contrast, in a gastrointestinal model of C. albicans
and Aspergillus fumigatus mucosal infection induced by
injection of fungi into the gut, Romani and colleagues'"”
reported that IFN-y plays a primary role in protection,
whereas IL-23 and IL-17 exacerbate inflammation. How-
ever, when IFN-y is absent, IL-23 plays a protective role
via mechanisms involving cross-regulation of IL-12 and
IL-23."" A caveat of this model is that it does not have a
true parallel human disease state, but may nonetheless
reflect the complexity of immune responses that differ by
anatomic location.

Viral infections

Viral host defence depends heavily on Type I IFNs that
modulate viral replication, and so IL-17 is considered to be
relatively less important. However, there is emerging evi-
dence that IL-17 may participate in viral immune responses,
which can be beneficial or detrimental to the host. It is also
intriguing that a homologue of IL-17 is encoded in a Her-
pesvirus saimiri, a T-cell tropic y herpesvirus.''* The signifi-
cance of this is unknown, although viral IL-17 promotes
positive signalling through IL-17RA.""* Nonetheless, this
homologue presumably benefits the virus in some aspect of
pathogenesis, by some as yet unknown mechanism.

In poxvirus infections, genetically engineered recombi-
nant vaccinia viruses (VV) encoding IL-12, IL-23 or IL-17
were created to test the roles of these cytokines in viral host
defence. Surprisingly, VV-IL-23 and VV-IL-17, but not VV-
IL-12, caused reduced virulence in mice.'"> Although the
mechanism was not well defined, protection was not medi-
ated by enhanced cytotoxic lymphocyte activity. Surpris-
ingly, IL-23-induced viral resistance was also not primarily
the result of IL-17, as IL-17"'" mice infected with VV-IL-23
were not significantly compromised.'"” Interleukin-22 and
other Th17-hallmark cytokines were not evaluated in this
study. In a contrasting report, an IL-17-expressing VV was
found to be more virulent than its parental virus in mice,
associated with altered immunoglobulin G isotype genera-
tion.''® The distinctions between these models is unclear,
but may reflect the fine line between host defence and
immunopathology mediated by IL-17.

Interleukin-17 signalling may be counterproductive in
certain viral settings, by contributing to the ‘cytokine
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storm’ that characterizes disease pathology. In an influenza
infection model, IL-17 and IL-17F were induced as soon
as 2 days post-infection. The survival rate of IL-17RA™/~
mice was higher than WT, associated with reduction in
neutroophil chemokines and inflammatory cytokines (G-
CSF, CXCL1, IL-6, TNF-0, IL-1f and IFN-y). Lung injury
in this setting may be partly the result of IL-17-mediated
oxidization of phospholipids by recruited neutrophils."”

Another report identified a function of IL-17 in main-
taining virus persistence in a model using Theiler’s mur-
ine encephalomyelitis virus (TMEV),"'® which leads to a
demyelinating disease. In a susceptible mouse strain,
Th17 development was elevated during TMEV infection,
and Th17 cells infiltrated into the central nervous system.
Viral persistence in brain and spinal cord and production
of IL-6, CXCL1 and MCP-1 correlated with the appear-
ance of Th17 cells.'""® Importantly, the mechanism by
which the virus persists was because of the resistance to
apoptosis of infected astrocytes. Interestingly, IL-17F did
not mediate an anti-apoptotic effect. Collectively, these
findings indicate that infection by viruses often induces
Th17 differentiation and so its signature target genes, yet
this is often ineffective in terms of host defence, and may
even promote immunopathology.

IL-17 signalling: synergy and mechanisms

Mechanisms of IL-17 signalling are poorly described com-
pared with other cytokine receptor subfamilies. Although
reviewed in detail elsewhere,”*”' IL-17 binds to both the
IL-17RA and IL-17RC subunits to mediate signalling.'"’
Both receptors encode a conserved signalling motif known
as the SEFIR (SEF/ILI7R) domain,'* which engages the
Actl adaptor/ubiquitin ligase enzyme through its own SE-
FIR motif."*'™'** Actl in turn recruits TRAF6, which leads
to activation of the nuclear factor-«B (NF-xB) pathway.
Actl is also upstream of the CCAAT/Enhancer Binding Pro-
tein (C/EBP)-ff and C/EBP-0 and mitogen-activated pro-
tein kinase pathways, all of which act in concert to control
target gene expression. Most IL-17 downstream genes have
NE-«B and C/EBP binding sites, and in many cases both are
necessary for IL-17-mediated promoter activity.”>'**

As mentioned previously, a notable feature of IL-17 is
its strong co-operative effect with other cytokines in regu-
lating down-stream gene/protein expression. Interleukin-
17 has been shown to synergize with IL-1f, IL-22, IFN-y,
TNF-o, Oncostatin M, CD40, BAFF and Vitamin D3
(1,25-dihydroxyvitamin  D3), and this list may
grow”>7»7>125:126 (Table 2). This synergy is reflected in
the fact that IL-17 alone is not a potent inducer of inflam-
matory pathways such as NF-xB, despite the potent in vivo
effects of an IL-17 deficiency (reviewed in ref. *). The
molecular mechanisms underlying synergistic signalling
are not fully elucidated, although various pathways are
implicated. Many IL-17 target genes are controlled
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post-transcriptionally by messenger RNA stabilization. In
particular, CXCL1, CXCL2, IL-6, I-«kB{ and CXCL5
messenger RNAs are induced by IL-17 and/or TNF-o
somewhat weakly and are subject to rapid degradation,
but in the presence of both IL-17 and TNF-« their stability
is significantly enhanced.'”” Mechanistically this is medi-
ated by the mitogen-activated protein kinase pathway and
Actl, but surprisingly not by TRAF6. At the promoter
level, co-operative induction of C/EBP proteins but not
NF-xB by the combination of IL-17 and TNF-« contrib-
utes to co-operative induction of the IL-6 promoter.'**
The synergy between IL-17 and BAFF, however, is medi-
ated by the NF-kB pathway, where IL-17RA out-competes
the BAFFR for Actl, leading to positive rather than sup-
pressive signalling.*® Interleukin-17 has also been shown
to regulate the TNF receptor, which may account for
enhanced TNF-a signalling capacity in the presence of
IL-17."*® Similarly, the synergy between IL-17 and IL-19,
IL-20 and IL-24 was dependent on the expression of IL-22
receptor.'” Finally, the mechanisms by which IL-17 and
IL-22 synergize to regulate antimicrobial peptides such as
S100A8/9 and IL-20 family members still need to be deter-
mined. In summary, although IL-17 is generally a weak
inducer of target genes, this cytokine has a major impact
in vivo. Therefore, the synergistic effects of IL-17 almost
certainly play a significant role in dictating its physiologi-
cal activities.

Conclusion and perspectives

As suggested by ubiquitous IL-17R expression,'* IL-17
plays a role in multiple cell types and conditions. Initial
studies revealed the IL-17 target genes from mesenchymal
and epithelial cells, but recent work has shown important
IL-17 target genes in lymphocytes and other immune cells
as well. Defining the complete range of IL-17 effects in vivo
will probably never be fully achieved, but it is clear that this
cytokine is a central player in numerous disease states.
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